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COVID-19-associated pulmonary aspergillosis (CAPA) is defined as invasive pulmonary
aspergillosis occurring in COVID-19 patients. The purpose of this review was to discuss the
incidence, characteristics, diagnostic criteria, biomarkers, and outcomes of hospitalized
patients diagnosed with CAPA. A literature search was performed through Pubmed and
Web of Science databases for articles published up to 20th March 2021. In 1421 COVID-19
patients, the overall CAPA incidence was 13.5% (range 2.5e35.0%). The majority required
invasive mechanical ventilation (IMV). The time to CAPA diagnosis from illness onset varied
between 8.0 and 16.0 days. However, the time to CAPA diagnosis from intensive care unit
(ICU) admission and IMV initiation ranged between 4.0e15.0 days and 3.0e8.0 days. The
most common diagnostic criteria were the modified AspICUeDutch/Belgian Mycosis Study
Group and IAPA-Verweij et al. A total of 77.6% of patients had positive lower respiratory
tract cultures, other fungal biomarkers of bronchoalveolar lavage and serum gal-
actomannan were positive in 45.3% and 18.2% of patients. The CAPA mortality rate was
high at 48.4%, despite the widespread use of antifungals. Lengthy hospital and ICU stays
ranging between 16.0e37.5 days and 10.5e37.0 days were observed. CAPA patients had
prolonged IMV duration of 13.0e20.0 days. The true incidence of CAPA likely remains
unknown as the diagnosis is limited by the lack of standardized diagnostic criteria that rely
solely on microbiological data with direct or indirect detection of Aspergillus in respiratory
specimens, particularly in clinical conditions with a low pretest probability. A well-
designed, multi-centre study to determine the optimal diagnostic approach for CAPA is
required.
ª 2021 The Healthcare Infection Society. Published by Elsevier Ltd. All rights reserved.
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) virus is known to cause coronavirus disease 2019 (COVID-19),
resulting in the ongoing pandemic [1]. Secondary bacterial
pulmonary infections have been increasingly recognized in
hospitalized COVID-19 patients with an incidence as high as 15%
and associated with poor outcomes of increased mechanical
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ventilation requirements, multi-organ dysfunction and mor-
tality [2,3]. Therefore, surveillance cultures are being rou-
tinely obtained to exclude secondary bacterial infections from
lower respiratory tract (LRT) specimens (sputum, endotracheal
aspirate (ETA), bronchoalveolar lavage (BAL)), blood, and uri-
nary source, especially in those who are critically ill. Despite
the lack of systematic screening, invasive pulmonary asper-
gillosis (IPA) was reported in up to 4% of COVID-19 patients from
China during the early period of the ongoing pandemic, but
there were no details on its clinical significance or associated
outcomes [4,5]. However, the clinical relevance of Aspergillus-
positive cultures obtained on respiratory tract specimens is
often difficult to distinguish actual infection from colonization
as the more diagnostic procedures performed, the higher the
chances of detecting Aspergillus microorganisms. Furthermore,
it is impossible to differentiate IPA from COVID-19 pneumonia
based on clinical signs and symptoms, and also chest imaging,
where COVID-19 patients will display diffuse bilateral lung
infiltrates that may obscure any diagnostic clues for IPA [6]. IPA
has been described during or post severe viral-related pneu-
monia such as with influenza, SARS, Middle East Respiratory
Syndrome (MERS), respiratory syncytial virus, and para-
influenza virus, especially in critically ill patients admitted to
the intensive care unit (ICU) for respiratory failure [7e12].
Whether COVID-19 predisposes the host to IPA as an inde-
pendent host factor remains unknown, and the true incidence,
outcomes, and diagnostic criteria have not been elucidated in
this setting. The purpose of this systematic review was to
examine and discuss the incidence of secondary IPA in COVID-
19 patients defined as COVID-19-associated pulmonary asper-
gillosis (CAPA), clinical characteristics, diagnostic criteria,
biomarkers, and associated outcomes based on the evidence
available in the current literature.

Methods

This systematic review was conducted and presented in
accordance with Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines. Ethical
approval and informed consent were not required for this study
as it was a systematic review of previously published studies.

Search criteria

A literature search was performed through Pubmed andWeb
of Science databases for articles published, using the keywords
of “coronavirus disease 2019 (COVID-19),” “severe acute res-
piratory syndrome coronavirus 2 (SARS-CoV-2),” “COVID-19-
associated pulmonary aspergillosis (CAPA),” “fungal infec-
tions,” “secondary infections,” “fungal pneumonia,” “myco-
sis,” “Aspergillosis,” “Aspergillus,” and “invasive pulmonary
aspergillosis (IPA).” All specified keywords were combined
using the “OR” operator and “AND” operator for searching the
literature. Moreover, to detect additional studies, any cited
references were reviewed to identify relevant literature that
met our inclusion criteria.

Inclusion criteria

Articles that met the following criteria were included in our
study: (1) observational studies that described the incidence,
clinical characteristics, biomarkers, and outcomes of IPA in
hospitalized adults with COVID-19 infections; (2) articles where
the diagnosis of CAPA was made using several well-established
diagnostic criteria (Table I) that had been described in the
current literature involving AspICU [13], CAPA-European
Excellence Centre for Medical Mycology (ECMM) [14], Modi-
fied AspICU Gangneux et al. [15], Modified AspICUeDutch/
Belgian Mycosis Study Group [10], influenza-associated pul-
monary aspergillosis (IAPA) criteriaeVerweij et al. [16], or
European Organization for Research and Treatment of Cancer/
Invasive Fungal Infections Cooperative Group and the National
Institute of Allergy and Infectious Diseases Mycoses Study
Group (EORTC/MSG) [17]; (3) studies in which the diagnosis of
COVID-19 was made by reverse transcriptase-polymerase chain
reaction (RT-PCR) in all cases from respiratory tract specimens
that included nasal and pharyngeal swabs, sputum, ETA and
BAL; and (4) articles published between 1st January 2020 and
20th March 2021 in peer-reviewed journals.
Exclusion criteria

The exclusion criteria were specified as follows: (1) articles
that did not meet or described specific diagnostic criteria for
CAPA diagnosis (Table I) that could represent colonization or
had coexisting bacterial and/or (non-Aspergillus) fungal micro-
organisms simultaneously identified from the LRT specimens
and/or blood cultures; (2) articles with fewer than 18 patients
(defined as case series) and/or case reports; (3) articles
involving COVID-19 patients of less than 18 years of age; (4)
articles where pulmonary aspergillosis was concurrently diag-
nosed with other micro-organisms such as bacteria and/or
viruses from similar respiratory tract cultures; and (5) articles
describing aspergillosis obtained from non-respiratory tract
cultures.
Data collection

Two researchers (W.C. and K.N.) independently screened
the titles and abstracts, and reviewed the full texts of articles
to identify studies that evaluated the incidence, clinical
characteristics, diagnostic criteria, biomarkers and associated
outcomes of hospitalized COVID-19 patients diagnosed with
CAPA. Any disagreements were resolved by discussion. The
extracted data from full texts of included studies were added
into a standardized Excel (Microsoft Corporation) form.

The summary of the study qualities was shown in Table II. All
included studies’ characteristics and outcomes were analysed
in Table III involving: study design (e.g., retrospective or pro-
spective; cross-sectional, caseecontrol, or cohort; single- or
multi-centre); month/year; country; the number of patients;
the age of the patient (e.g., mean � standard deviation or
median (interquartile range) years); incidence of CAPA; inci-
dence of proven CAPA; time to diagnosis of CAPA; mortality;
length of hospitalization; patients requiring IMV; and the
median days of IMV. In Table IV, diagnostic evaluation and
antifungal therapies were summarized comprising: positive
lower respiratory tract cultures (LRTC); aspergillus species
(spp.); CAPA diagnostic criteria; EORTC host risk factors; pos-
itivity of serum galactomannan (GM), BAL GM, and serum beta-
D-glucan (BDG); therapeutic antifungals received.



Table I

Diagnostic criteria for COVID-19-associated pulmonary aspergillosis (CAPA) according to various studies included in our review

Diagnostic criteria Clinical Radiological Mycological

EORTC/MSG [17] One of the following host factors: (A) severe
neutropenia, (B) allogeneic stem cell/solid
organ transplant, (C) corticosteroid therapy
(0.3 mg/kg per day for >3 months), (D)
haematological malignancy, (E) congenital/
inherited/acquired immunodeficiency, (F)
treatment with T-cell/B-cell
immunosuppressants

One of the following: (A) dense, well-
circumscribed lesions with/without halo
sign, (B) air-crescent sign, (C) cavity, (D)
lobar or segmental consolidation

Proven: histopathological/microscopic
evidence of septated hyphae with evidence of
tissue damage or positive culture from sterile
material
Probable (all 3 criteria): (A) positive direct test
(culture/microscopy on sputum, ETA, and BAL
or 2 and more positive PCR on either BAL or
serum), OR (B) positive indirect test (GM in
serum or BAL)

AspICU [13] One of the following: (A) refractory fever
despite 3 days of antibiotic therapy, (B)
recrudescent fever of at least 48 h despite
antibiotic therapy, (C) pleuritic chest pain/rub,
dyspnea, (D) haemoptysis, (E) worsening
respiratory failure despite antibiotic therapy
and ventilatory support

Abnormal imaging on chest radiography
or chest CT

Proven: histopathological/microscopic
evidence of septated hyphae with evidence of
tissue damage or positive culture from sterile
material
Putative (all 3 criteria): (A) positive lower
respiratory tract specimen in patient with
either host risk factors (severe neutropenia,
haematological/oncological malignancy
treated with cytotoxic agents, corticosteroid
therapy (prednisone equivalent, >20 mg/day),
congenital/acquired immunodeficiency) OR (B)
semiquantitative positive BAL culture in the
absence of bacterial growth

CAPA-European
Excellence
Centre for
Medical
Mycology [14]

One of the following: (A) refractory fever
despite 3 days of antibiotic therapy, (B)
pleuritic chest pain/rub, dyspnea, (C)
haemoptysis

Abnormal imaging on chest radiography
or chest CT

Proven: histopathological/microscopic
evidence of septated hyphae with evidence of
tissue damage or positive culture from sterile
material
Probable (all 3 criteria): (A) positive lower
respiratory tract specimen on BAL OR (B) BAL
GM >1.0 ODI OR (C) serum GM >0.5 ODI OR (D)
positive serum and BAL PCR, OR (E) positive
serum PCR � 2
Possible (all 3 criteria): (A) positive non-BAL
lower respiratory tract specimen OR (B) positive
non-BAL GM >4.5 ODI OR (C) positive non-BAL
GM >1.2 ODI � 2, OR (D) positive non-BAL GM
>1.2 ODI with non-BAL PCR

Modified AspICU-
Gangneux et al.
[15]

One of the following: (A) refractory fever
despite 3 days of antibiotic therapy, (B)
recrudescent fever of at least 48 h despite
antibiotic therapy, (C) pleuritic chest pain/rub,
dyspnea, (D) haemoptysis, (E) worsening

Abnormal imaging on chest radiography
or chest CT

Proven: histopathological/microscopic
evidence of septated hyphae with evidence of
tissue damage or positive culture from sterile
material
Putative (all 3 criteria): (A) positive lower
respiratory tract specimen in patient with

(continued on next page)
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Table I (continued )

Diagnostic criteria Clinical Radiological Mycological

respiratory failure despite antibiotic therapy
and ventilatory support

either host risk factors (severe neutropenia,
haematological/oncological malignancy
treated with cytotoxic agents, corticosteroid
therapy (prednisone equivalent, >20 mg/day),
congenital/acquired immunodeficiency), OR
(B) semiquantitative positive BAL culture/PCR
in the absence of bacterial growth
Probable: putative plus one positive serum
biomarker

Modified AspICU
eDutch/Belgian
Mycosis Study
Group [10]

One of the following: (A) refractory fever
despite 3 days of antibiotic therapy, (B)
recrudescent fever of at least 48 h despite
antibiotic therapy, (C) pleuritic chest pain/rub,
dyspnea, (D) haemoptysis, (E) worsening
respiratory failure despite antibiotic therapy
and ventilatory support

Abnormal imaging on chest radiography
or chest CT

Proven: histopathological/microscopic
evidence of septated hyphae with evidence of
tissue damage or positive culture from sterile
material
Putative (all 3 criteria): (A) positive BAL
culture, OR (B) BAL GM >1.0 ODI, OR (C) serum
GM >0.5 ODI

Influenza-
Associated
Pulmonary
Aspergillosis
(IAPA)eVerweij
et al. [16]

Influenza-like illness between 7 days before and
4 days after ICU admission

Probable: (A) pulmonary infiltrate and at
least one of the following mycological
criteria, OR (B) cavitating infiltrate (not
attributed to another aetiology) and at
least one of the following mycological
criteria

Positive influenza PCR/antigen test
Proven: histopathological/microscopic
evidence of septated hyphae with evidence of
tissue damage or positive PCR in tissue
Probable (all 3 criteria): (A) pulmonary
infiltrate and at least one of the following
mycological criteria (serum GM >0.5 ODI, BAL
GM >1.0 ODI, positive BAL culture), OR (B)
cavitating infiltrate (not attributed to another
etiology) and at least one of the following
mycological criteria (positive sputum/tracheal
aspirate culture)

BAL, bronchoalveolar lavage; CT, computed tomography; EORTC/MSG, European Organization for Research and Treatment of Cancer/Invasive Fungal Infections Cooperative Group and the
National Institute of Allergy and Infectious Diseases Mycoses Study Group; ETA, endotracheal aspirate; GM, galactomannan; IAPA, influenza-associated pulmonary aspergillosis (IAPA) criteria-
Verweij et al.; ICU, intensive care unit; LRTC, lower respiratory tract cultures; NR, non recorded/negative; ODI, optimal density index; PCR, polymerase chain reaction; Spp., species.
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Quality assessment

Two researchers performed quality assessments using the
NewcastleeOttawa Scale (NOS), containing nine items, for the
cohort and caseecontrol studies. In NOS, the total score ranged
from 0 to 9 and was categorized into three groups: low quality
‘0e3’, moderate quality ‘4e6’, and high quality ‘7e9’ [18].
During the quality assessment of the included studies, any
disagreements were resolved by discussion.

Results

Study selection

A total of 162 studies were identified in the initial search.
After the removal of duplicates (N ¼ 85) and those not meeting
the inclusion criteria (by title, abstract, and full text: N¼ 114),
19 eligible observational studies were included in this review
(Figure 1).

Study characteristics

The study characteristics of the 19 observational studies
included were described in Table III. All observational studies
were cohort studies. Among the 19 cohorts, 68.4% (13/19) were
retrospective, and 31.6% (6/19) were prospectively designed
studies. 78.9% (15/19) were single-centre studies, and 21.1%
(4/19) were multi-centre studies. Most of the studies were
published from France (26.3% (5/19)), followed by the Neth-
erlands (15.8% (3/19)) with the remainder from Belgium,
Denmark, Germany, Italy, Mexico, Pakistan, Spain and Swit-
zerland. The summary of the study qualities is shown in
Table II

The results of NewcastleeOttawa Scale (NOS) [18] performed for 19 c

Author(s) Cohort studies Selectio

1 2

Alanio et al. [21] Prospective cohort * *
Bartoletti et al. [22] Prospective cohort * *
Chauvet et al. [26] Retrospective cohort * *
Delliere et al. [25] Retrospective cohort * *
Dupont et al. [43] Prospective cohort * *
Gangneux et al. [15] Prospective cohort * *
Helleberg et al. [60] Retrospective cohort * *
Koehler et al. [28] Retrospective cohort * *
Lahmer et al. [29] Prospective cohort * *
Lamoth et al. [42] Retrospective cohort * *
Machado et al. [24] Prospective cohort * *
Meijer et al. [61] Retrospective cohort * *
Nasir et al. [19] Retrospective cohort * *
Roman-Montes et al. [27] Retrospective cohort * *
Rutsaert et al. [20] Retrospective cohort * *
Van Arkel et al. [62] Retrospective cohort * *
Van Biesen et al. [23] Retrospective cohort * *
Velez Pintado et al. [63] Retrospective cohort * *
Versyck et al. [64] Retrospective cohort * *

1: Representatives of the exposed cohorts. 2: Selection of the non-exposed
not present at the start of the study. a: Assessment of the outcome. b: En
available.
Table II. The majority of studies (47.4% (9/19)) had the max-
imum scores of 9, 15.8% (3/19) had scores of 8, and the
remainder had scores of 7.

Epidemiology of CAPA

A total of 1421 hospitalized COVID-19 patients were inclu-
ded in our systematic review. The overall incidence of CAPA
reported in COVID-19 pneumonia was 13.5% (192/1421) and
ranging between 2.5 and 35.0% among the 19 observational
studies included in our review (Table III). The majority of
COVID-19 patients diagnosed with CAPA fell between the fifth
and seventh decade of life, with a mean age of diagnosis
ranging between 48.3 and 71.0 years. All of the hospitalized
adult COVID-19 patients diagnosed with CAPA were critically ill
and required ICU admission and IMV at the time of diagnosis,
excluding observational studies by Nasir et al. [19] A small
retrospective cohort study by Rutsaert et al. reported an
incidence of CAPA at 35% among 20 critically ill COVID-19
patients and was the only study that described a proven CAPA
diagnosis based on the biopsy results of four COVID-19 patients
[20]. A total of 12.5% (24/192) of COVID-19 patients diagnosed
with CAPA in 36.8% (7/19) of observational studies had pre-
existing EORTC host risk factors (Table IV). The pre-existing
EORTC host risk factors described were haematological malig-
nancy, prolonged high-dose corticosteroid therapy, allogeneic
stem cell/solid organ transplant, and inherited/acquired
immunodeficiencies [20e26].

A multi-centre, retrospective cohort study by Delliere et al.
described the incidence of CAPA at 19.4% among 108 COVID-19
patients requiring IMV in which respiratory tract cultures were
obtained upon deterioration in clinical status [25]. A total of
ohort studies

n Comparability Outcome/

exposure

Total of 9 scores

3 4 (**) a b c

* * N/A * * * 7
* * ** * * * 9
* * ** * * * 9
* * ** * * * 9
* * N/A * * * 7
* * ** * * * 9
* * N/A * * * 7
* * N/A * * * 7
* * ** * * * 9
* * N/A * * * 7
* * ** * * * 9
* * ** * * * 9
* * N/A * * * 7
* * * * * * 8
* * N/A * * * 7
* * * * * * 8
* * ** * * * 9
* * * * * * 8
* * ** * * * 9

cohorts. 3: Ascertainment of exposure. 4: The outcome of interest was
ough follow-up for the outcome. c: Adequacy of follow-up. N/A, non-



Table III

Incidence, characteristics, and outcomes of COVID-19-associated pulmonary aspergillosis (CAPA) patients

Observational studies

Author Study design Month, year Country Patients

(N)

Age (years)

mean � SD

CAPA

incidence (%)

(proven/

probable/

putative)

Proven

CAPA (%)

Time to CAPA (D)

mean � SD

Mortality

(%)

IMV

(%)

Median IMV

duration (D)

Hospital LOS

(D) mean �
SD

Alanio et al.
[21]

Prospective
cohort, single-
centre

June 2020 Italy 27 63.0 � 11.1 33.3 NR 3.0 (IMV) 44.4 100 NR NR

Bartoletti
et al. [22]

Prospective
cohort, multi-
centre

July 2020 Italy 108 63.0 � 9.6 27.7 NR 4.0 � 4.44 (ICU) 44.0 100 13.0 � 11.9 16.0 � 13.3
(ICU)

Chauvet
et al. [26]

Retrospective
cohort, single-
centre

November
2020

France 46 66.5 � 6.8 13.0 NR 11.7 � 9.7 (ICU) 66.7 100 NR NR

Delliere
et al. [25]

Retrospective
cohort, multi-
centre

December
2020

France 108 63.0 � 8.5 19.4 NR 16.0 � 8.9
(Symptoms), 6.0 �
10.4 (ICU)

71.4 100 NR 21.1 � 17.6

Dupont
et al. [43]

Prospective
cohort, multi-
centre

August 2020 France 106 69.0 � 8.1 17.9 NR 10.0 � 5.9 (ICU) 35.3 100 NR NR

Gangneux
et al. [15]

Prospective
cohort, single-
centre

July 2020 France 45 70.0 � 8.9 15.6 NR NR 28.6 100 18.0 � 13.3 27.0 � 11.9
(ICU)

Helleberg
et al. [60]

Retrospective
cohort, single-
centre

August 2020 Denmark 25 58.0 � 0.0 8.0 NR 3.0 (IMV) 100 100 NR 37.5 � 0.0

Koehler
et al. [28]

Retrospective
cohort, single-
centre

June 2020 Germany 19 62.0 � 13.2 26.3 NR NR 60.0 100 NR NR

Lahmer
et al. [29]

Prospective
cohort, multi-
centre

March 2021 Germany 32 69.5 � 42.2 34.4 NR 4.0 � 4.4 (ICU) 36.4 100 20.0 �14.8 21.0 � 14.1
(ICU)

Lamoth
et al. [42]

Retrospective
cohort, single-
centre

December
2020

Switzerland 118 65.0 � 0.0 3.8 NR 8.0 (Symptoms),
7.0 (ICU), 6.0 (IMV)

33.3 100 NR 22.3 � 0.0

Machado
et al. [24]

Prospective
cohort, single-
centre

November
2020

Spain 239 64.5 � 16.9 2.5 NR 15.0 (ICU) 100 100 NR NR

Meijer et al.
[61]

Retrospective
cohort, single-
centre

February
2021

Netherlands 66 67.3 � 7.3 19.7 NR NR 46.2 100 NR 31.8 � 11.6
(ICU)

Nasir et al.
[19]

Retrospective
cohort, single-
centre

August 2020 Pakistan 147 71.0 � 25.2 3.4 NR 4.0 � 5.6
(Admission)

60.0 40.0 NR 16.0 � 10.4
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23.8% of CAPA patients had EORTC host risk factors, and the
diagnosis of probable CAPA was made according to IAPA
criteriaeVerweij et al. A multi-centre, prospective study by
Bartoletti et al. reported the incidence of probable CAPA at
27.7% in 108 patients using similar diagnostic criteria of IAPA
criteriaeVerweij et al. and 27.0% had EORTC risk factors [22].
BAL was performed routinely on ICU admission, day 7 of IMV,
and if there was a change in clinical status. A single-centre,
retrospective study by Roman-Montes et al. revealed the inci-
dence of putative CAPA at 9.7% in 144 patients using the
modified AspICUeDutch/Belgian Mycosis Study Group criteria
[27]. Respiratory tract cultures were obtained if clinical status
worsened during ICU admission. Finally, the largest study was a
prospective single-centre cohort by Machado et al. with an
incidence of putative CAPA at 2.5% in 239 patients using the
modified AspICUeDutch/Belgian Mycosis Study Group criteria
[24].

Time to CAPA diagnosis

According to 14 observational studies (Table III), the overall
time to CAPA diagnosis from the onset of COVID-19 symptoms
ranged between 8.0 and 16.0 days. The time to CAPA diagnosis
from ICU admission and after IMV initiation ranged between 4.0
and 15.0 days and between 3.0 and 8.0 days, respectively.

CAPA diagnostic criteria

The most common diagnostic criteria used (Table IV) to
diagnose putative CAPA was modified AspICUeDutch/Belgian
Mycosis Study Group [10] in 52.6% (10/19) of observational
studies reviewed. This was followed closely by IAPA diagnostic
criteriaeVerweij et al. [16] for probable CAPA diagnosis in
26.3% (5/19) of observational studies. The remainder of
observational studies utilized AspICU [13], CAPA-ECMM [14],
and modified AspICUeGangneux et al. [15], to diagnose CAPA.

Cultures and biomarkers used in CAPA diagnosis

The CAPA diagnosis was made using LRTCs in 77.6 % (149/
192) of CAPA patients, where the primary source of LRTCs was
BAL. Around 30.7% (59/192) of CAPA patients had positive PCR
from LRTCs observed in 42.1% (8/19) of studies reviewed. The
Aspergillus species most frequently isolated were Aspergillus
fumigatus in 84.2% (16/19) of studies.

In terms of fungal biomarkers used to assist with CAPA
diagnosis, two different biomarkers were described involving
GM and BDG. GM was obtained either from serum or BAL with a
cut-off of 0.5 and 1.0 optimal density index (ODI) used,
respectively (Table IV). Positive serum and BAL GM results were
found in 73.7% (14/19) and 78.9% (15/19) of studies. Around
18.2% (35/192) of CAPA patients had positive serum GM, and
45.3% (87/192) of CAPA patients had positive BAL GM. Other
serum biomarkers of BDG were rarely used in 31.6% (6/19) of
observational studies and reportedly positive in only 10.4% (20/
192) of patients diagnosed with CAPA.

Outcomes of CAPA

The hospital mortality observed among the 192 patients
diagnosed with CAPA was highly variable, with an overall
mortality rate of 48.4% (93/192) and ranging between 22.2%



Table IV

Diagnostic evaluation and antifungal therapies of COVID-19-associated pulmonary aspergillosis (CAPA) patients

Cultures Biomarkers

Author Positive

LRTC (%)

LRTC

Source (%)

Positive

LRT PCR (%)

Aspergillus

Spp. (%)

CAPA diagnostic

criteria (%)

EORTC host

risk factors

(%)

Serum GM >

0.5 ODI (%)

BAL

GM >1.0

ODI (%)

Serum Beta-

D-Glucan

>80 pg/mL

(%)

Antifungals

Alanio et al.
[21]

77.7 BAL (100) BAL (44.4) A. fumigatus (100) Putative CAPA
(Modified AspICU-
DB)

22.2 11.1 11.1 44.4 Voriconazole
(11.1),
caspofungin (11.1)

Bartoletti et al.
[22]

63.0 BAL (100) BAL (67.0) A. fumigatus
(78.9), A. niger
(15.8), A. flavus
(5.3)

Probable CAPA
(IAPA)

27.0 3.0 100 NR Voriconazole (43)

Chauvet et al.
[26]

66.7 BAL (50),
ETA (50).

ETA (16.7) A. fumigatus (100) Putative CAPA
(83.3) [Modified
AspICU-DB],
Possible CAPA
(16.7) [EORTC/
MSG]

33.3 NR NR NR Voriconazole
(33.3);
amphotericin B
(33.3);
caspofungin
(16.7).

Delliere et al.
[25]

100 BAL (76),
ETA (24)

BAL/ETA
(71.4)

A. spp. Probable CAPA
(IAPA)

23.8 23.8 14.3 52.4 NR

Dupont et al.
[43]

94.7 BAL (44.4),
BAS (33.3),
ETA (22.2)

NR A. fumigatus
(87.5), A. flavus
(6.3),
A. calidoustus
(6.3)

Putative CAPA
(Modified AspICU-
DB)

NR 5.3 42.1 NR Voriconazole
(47.4)

Gangneux et al.
[15]

85.7 BAL/ETA
(100)

BAL/ETA
(100)

A. fumigatus (100) Probable (42.9),
putative (57.1)
CAPA [Modified
AspICU-G]

NR 28.6 NR NR Voriconazole/
isavuconazole
(100)

Helleberg et al.
[60]

100 ETA (100),
BAL (50)

NR A. fumigatus (100) Putative CAPA
(Modified AspICU-
DB)

NR 50.0 50.0 NR Voriconazole (100)

Koehler et al.
[28]

60.0 BAL (75),
ETA (25)

BAL (60),
ETA (20)

A. fumigatus (100) Putative CAPA
(Modified AspICU-
DB)

NR 40.0 60.0 NR Voriconazole
(100), caspofungin
(40),
isavuconazole (20)

Lahmer et al.
[29]

81.8 BAL (100) NR A. fumigatus (100) Probable CAPA
(IAPA)

NR 36.4 100 NR Voriconazole
(45.4);
amphotericin B
(45.4);
isavuconazole
(9.1).

Lamoth et al.
[42]

100 BAS (100) BAS (33.3) A. fumigatus (100) Putative CAPA
(Modified AspICU-
DB)

NR 33.3 NR 33.3 Voriconazole (100)
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Machado et al.
[24]

100 BAL (100) NR A. fumigatus
(66.6),
A. citrinoterreus
(16.7), A. lentulus
(16.7)

Putative CAPA
(Modified AspICU-
DB)

50.0 66.7 33.3 NR Isavuconazole
(50), voriconazole
(25), amphotericin
B (25)

Meijer et al.
[61]

100 BAL (61.5),
ETA (38.5).

BAL (38.5),
ETA (15.4).

A. fumigatus (100) Probable (61.5),
Possible (38.5)
CAPA [CAPA-
ECMM]

NR NR 15.4 7.7 Voriconazole
(100);
amphotericin B
(38.5);
caspofungin
(38.5).

Nasir et al. [19] 100 Sputum/
ETA/BAL
(100)

NR A. flavus (60),
A. fumigatus (20),
A. terreus (20)

Putative CAPA
(Modified AspICU-
DB)

NR NR NR 20.0 Voriconazole
(33.3),
amphotericin B
(22.2)

Roman-Montes
et al. [27]

78.6 ETA (100) NR A. fumigatus
(54.5), A. spp.
(27.3), A. flavus
(9.1), A. niger
(9.1)

Putative CAPA
(Modified AspICU-
DB)

NR 42.9 85.7 (ETA) NR Voriconazole
(83.3),
echinocandin
(15.3)

Rutsaert et al.
[20]

85.7 BAL (83.3),
ETA (16.7)

NR A. fumigatus
(83.3), A. flavus
(16.7)

Putative CAPA
(AspICU)

42.9 14.3 57.1 NR Voriconazole
(85.7),
isavuconazole
(28.6)

Van Arkel et al.
[62]

83.3 BAL (40),
ETA (40),
Sputum (20)

NR A. fumigatus (100) Probable CAPA
(IAPA)

NR NR 50.0 NR Voriconazole/
anidulafungin
(83.3),
amphotericin B
(16.7)

Van Biesen
et al. [23]

77.7 BAL (100) NR A. fumigatus
(71.4), A. flavus
(14.3), A. terreus
(14.3)

Probable CAPA
(IAPA)

11.1 NR 100 NR Voriconazole/
amphotericin B
(100)

Velez Pintado
et al. [63]

12.5 BAL (100) NR A. spp. Probable (CAPA-
ECMM)

NR 43.8 56.3 NR NR

Versyck et al.
[64]

100 BAL (50),
ETA (50).

NR A. fumigatus (100) Putative CAPA
(Modified AspICU-
DB)

NR 100 50.0 100 Voriconazole (100)

A., Aspergillus; BAL, bronchoalveolar lavage; BAS, bronchial aspirates; ,ECMM, European Excellence Centre for Medical Mycology; EORTC/MSG, European Organization for Research and
Treatment of Cancer/Invasive Fungal Infections Cooperative Group and the National Institute of Allergy and Infectious Diseases Mycoses Study Group; ETA, endotracheal aspirate; GM, gal-
actomannan; IAPA, influenza-associated pulmonary aspergillosis (IAPA) criteriaeVerweij et al.; LRT, lower respiratory tract.
LRTC, lower respiratory tract cultures; Modified AspICU DB, Modified AspICUeDutch/Belgian Mycosis Study Group; Modified AspICU-G, Modified AspICUeGangneux et al.; NR, non-reported/
negative; ODI, optimal density index; PCR, polymerase chain reaction; Spp., species.
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Searched databases: Pubmed 104,

Web of sciences 58. Total: 162

Screening of study titles and abstracts.

Total: 77

Full texts assessed for eligibility.

Total: 37

19 observational studies included

in systematic review.

Duplicates removed. Total: 85

Studies excluded by titles and abstracts. Total: 40

a) 16 were case series/reports,

b) 10 studies were not in english,

c) 8 studies involved bacterial, viral, and fungal coinfections

    from same cultures,

d) 3 systematic reviews/meta-analyses of secondary or

    coinfections in COVID-19,

e) 3 studies described aspergillosis from non-respiratory

    tract cultures.

Full texts excluded. Total: 18

a) 7 studies did not described the clinical characteristics,

    diagnostic approaches, or outcomes in CAPA patients,

b) 6 studies had no clear description of diagnostic criteria

    used for CAPA diagnosis,

c) 5 were narrative reviews, systematic reviews, opinions

    or editorials of CAPA.In
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Figure 1. Flowchart for observational studies.
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and 100% (Table III). According to 12 studies, the overall hos-
pital and ICU length of stay (LOS) ranged between 16.0e37.5
days and 10.5e37.0 days. In four studies, the mean duration of
IMV requirement ranged between 13.0 and 20.0 days. A total of
89.5% (17/19) of studies described the antifungal therapies
received by CAPA patients that were predominantly vor-
iconazole. Other antifungal therapies used were amphotericin
B, anidulafungin, caspofungin, and isavuconazole (Table IV).
No patients diagnosed with CAPA were on antifungal prophy-
laxis in all included studies.

Discussion

The overall incidence of CAPA was 13.5% and ranged
between 2.5 and 35.0% among 1421 COVID-19 patients inclu-
ded. Generally, patients diagnosed with CAPA were critically ill
and required IMV, although few had pre-existing EORTC risk
factors. The mean age of CAPA patients ranged from 48.3 to
71.0 years. Many of these studies were limited by the lack of
proven tissue diagnoses of CAPA. The time to CAPA diagnosis
from onset of COVID-19 symptoms varied from 8.0 to 16.0 days.
However, the time to CAPA diagnosis from ICU admission and
after IMV initiation ranged from 4.0e15.0 days to 3.0e8.0 days.
The most common diagnostic criteria used to diagnose puta-
tive/probable CAPA was the modified AspICUeDutch/Belgian
Mycosis Study Group, followed closely by IAPAeVerweij et al.
Around 77.6 % of CAPA patients had positive LRTCs in which BAL
was themost commonmethod used for specimen sampling, and
Aspergillus fumigatus was the most common Aspergillus spe-
cies identified. Other fungal biomarkers used were BAL and
serum GM in which BAL and serum GM returned positive in
45.3% and 18.2% of cases. Serum BDG was rarely used and
returned positive in only 10.4% of cases. The mortality rate in
CAPA patients was high at 48.4%, despite many patients
receiving antifungal therapies. There was also a lengthy hos-
pital and ICU LOS ranging between 16.0e37.5 days and
10.5e37.0 days. CAPA patients also had a prolonged duration of
IMV ranging from 13.0 to 20.0 days.

Six observational studies reported an incidence of CAPA
exceeding 20% among hospitalized COVID-19 patients, and five
of these studies had a small sample size of fewer than 42
patients observed (Table III) [20e23,28]. Among these five
studies described, Bartoletti et al. routinely performed serial
samplings of BAL in a large sample size of 108 critically ill
COVID-19 patients on the day of ICU admission, day seven after
requiring IMV, and at the time of clinical deterioration, which
likely contributed to the high observed CAPA incidence of 27.7%
[22]. A prospective study by Alanio et al. reported a CAPA
incidence of 33.3% among 27 COVID-19 patients requiring IMV in
which bronchoscopy with BAL was performed routinely on day
three post-intubation [21]. According to two observational
studies by Lahmer et al. and Van Biesen et al., the high inci-
dence of CAPA at 21.4% and 34.4% was due to a non-directed
BAL approach used to minimize aerosolization and routinely
performed within two days of ICU admission [23,29]. The non-
directed BAL approach consists of advancing 12-French suction
catheter via a closed-circuit until bronchial wedging is ach-
ieved, followed by lavage. Rutsaert et al. also described an
elevated incidence of CAPA (35%) in their study in which routine
bronchoscopy with BAL culture and GM testing was performed
for indications of atelectasis and worsening clinical status
among critically ill COVID-19 patients [20]. Furthermore, any
suspicious tracheobronchial lesions concerning for Aspergillus
tracheobronchitis were biopsied via bronchoscopy in that
study. Therefore, the high CAPA incidence was at least partially
explained by the frequent invasive BAL sampling approach
across these five studies.

As the clinical course of COVID-19 demonstrates many fea-
tures shared with severe influenza infection that include ARDS,
lymphocytopenia, sepsis, and cytokine storm leading to multi-
organ failure, it is reasonable to suspect that patients with
severe COVID-19 may be similarly susceptible to IPA [30]. The
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clinical state of immunosuppression and underlying influenza-
related acute respiratory failure is an independent risk factor
for IPA [10,31]. When compared with critically ill adult patients
being treated for influenza-related acute respiratory failure,
several multi-centre retrospective studies reported an overall
incidence of influenza-associated pulmonary aspergillosis
(IAPA) amounting to 16e19% [10,31]. In influenza patients who
are immunocompromised, the incidence of IAPA increased up
to 32% from 14% in immunocompetent influenza patients.
Critically ill patients with influenza-related respiratory failure
have also been observed to have a 5.2-fold increased risk of
contracting IAPA [10]. The evidence of IPA has also been found
in 7.1e12.5% of autopsy series in SARS patients [7e9].

The diagnosis of CAPA from the onset of COVID-19 symp-
toms, ICU admission, and after initiation of IMV was highly
variable. For the diagnosis of secondary bacterial pulmonary
infections among COVID-19 patients, the time to diagnosis is 10
days (range 2e21 days) from hospital admission and nine days
(range 4e18 days) after ICU admission but can occur as rapidly
within five days after initiation of IMV [2,3,32]. Conversely, in
critically ill adult patients with influenza-related acute respi-
ratory failure, the median onset of IPA was three days after ICU
admission [10,31]. The suspicion for secondary pulmonary
infections typically arises when there is a sudden deterioration
in the patient’s clinical status or worsening chest imaging
findings that cannot be explained by the underlying illness
when managing critically ill COVID-19 patients. In the setting of
this ongoing pandemic, clinicians’ reluctance to perform BAL
and rely on sputum and ETA specimens is not surprising and
likely explained the delay in diagnosis of secondary bacterial
and fungal pulmonary infections in COVID-19 patients com-
pared with critically ill influenza patients.

There are multiple diagnostic criteria used for clinical
decision-making in determining the probability of CAPA among
the 19 observational studies included. These diagnostic criteria
are a composite of host factors/clinical features, radiological
findings, and mycological results described in Table I. Histor-
ically, EORTC/MSG criteria are used to classify patients who are
immunocompromised into proven, probable, or possible
aspergillosis while heavily reliant on characteristic radiological
features of IPA that can be helpful to distinguish from COVID-19
pneumonia [17]. The diagnosis of IPA in critically ill patients
can be challenging as the EORTC/MSG criteria are not neces-
sarily applicable in the ICU setting or validated in immuno-
competent patients, including COVID-19 patients, where many
lack the typical host factors and often have less specific radi-
ological features, especially in the presence of diffuse lung
infiltrates from acute respiratory distress syndrome (ARDS)
[17,22]. The EORTC/MSG diagnostic criteria were not used
despite 36.8% of observational studies reporting COVID-19
patients with pre-existing EORTC host risk factors (Table IV),
although this comprises 12.5% of patients diagnosed with CAPA.
For patients with no underlying immunosuppressive comor-
bidities and in the ICU setting, the AspICU algorithm has
emerged as the diagnostic criteria used to distinguish IPA into
proven or putative from Aspergillus colonization in patients
who are critically ill [13]. Putative AspICU diagnosis requires
the presence of Aspergillus-positive LRT cultures (entry crite-
rion) with compatible clinical, radiological and mycological
findings described in Table I. More recently, several expert
consensuses have proposed a modified case definition of CAPA
from the AspICU algorithm, based on the addition of GM
biomarker from serum or BAL specimens, irrespective of results
of BAL cultures termed CAPA-ECMM [14], Modified AspIC-
UeDutch/Belgian Mycosis Study Group [10], and Influenza-
associated Pulmonary Aspergillosis (IAPA)eVerweij et al. [16].
A BAL PCR testing for Aspergillus species has even been pro-
posed as part of mycological criteria not only in EORTC/MSG
but also in CAPA-ECMM and Modified AspICUeGangneux et al.
[14,15,17].

Furthermore, depending on the criteria, it is not unusual for
a COVID-19 patient diagnosed with CAPA as per AspICU, CAPA-
ECMM, and Modified AspICU-Gangneux et al. criteria to be ini-
tially misclassified as Aspergillus colonization in the absence of
positive BAL culture or serum/BAL GM that may significantly
impact management of COVID-19 patients and also their out-
come [14,33,34]. A large, prospective study of 135 critically ill
COVID-19 patients by White et al. described a huge variation in
the incidence of CAPA at 5.9%, 14.8% and 14.1%, respectively,
using the AspICU, modified AspICUeDutch/Belgian Mycosis
Study Group, and IAPA criteria [35]. It is likely that AspICU
criteria significantly underestimate the incidence of CAPA
compared with other CAPA criteria (Table I) with classification
based on BAL culture in the absence of host risk factors that has
slow turnover, lacks sensitivity, and is of limited utility in the
ICU compared with the use of rapid serum/BAL biomarkers and
PCR. Similar findings were noted in another large, prospective
study by Machado et al. involving 239 critically ill COVID-19
patients where the incidence of CAPA increased from 1.3%
using EORTC/MSG criteria to 2.5% using modified AspICU cri-
teriaeDutch/Belgian Mycosis Study Group [24]. Therefore, the
many CAPA definitions provided have enabled clinicians to
utilize a strategic approach to identify and classify CAPA in
critically ill COVID-19 patients. It also provides a framework for
early diagnosis and possibly allows prompt treatment ini-
tiation, which may confer a survival benefit. In the prospective
study by Alanio et al., the reported incidence of CAPA was 33%
(9/27); however, five out of nine CAPA patients had positive
BAL culture but negative BAL/serum GM suggesting a lack of
tissue invasion [21]. Undeniably, 60% (3/5) of these COVID-19
patients were not treated with antifungals and survived. Sev-
eral other diagnostic criteria have been suggested to allow
early screening and diagnosis of CAPA, specifically in critically
ill patients; yet, these criteria have not been validated in any
studies [30,35,36]. Consequently, as the diagnostic criteria of
CAPA continue to evolve during this current pandemic, large,
prospective, multi-centre validation studies are required to
determine which diagnostic CAPA criteria are most pragmatic
or needed to be refined.

In the setting of this ongoing pandemic, the reluctance of
clinicians to perform invasive diagnostic procedures such as
BAL and over-reliance on sputum and ETA specimens is not
unexpected. Elevated serum levels of procalcitonin and higher
neutrophil to low lymphocyte ratio from dysregulated immune
response have been suggested to predict secondary bacterial
infection in critically ill COVID-19 patients [37]. However, these
findings do not apply during the evaluation of suspected CAPA
or invasive fungal disease [35]. Therefore, systematic screen-
ing using a combination of biomarkers such as serum and BAL
GM is essential to assist with the diagnosis of CAPA and has since
been included as part of the CAPA-ECMM [14], modified diag-
nostic CAPA criteria used involving Modified AspICUeGangneux
et al. [15], Modified AspICUeDutch/Belgian Mycosis Study
Group [10], and Influenza-associated Pulmonary Aspergillosis
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(IAPA)eVerweij et al. [16], given the poor specificity (20e50%)
of a positive Aspergillus culture identified in sputum and ETA,
that may represent colonization [38]. BAL GM, when per-
formed, has an observed 90% sensitivity and 94% specificity for
diagnosing proven or probable IPA according to the EORTC/MSG
criteria [39]. However, in non-immunocompromised critically
ill patients who do not have the typical host factors meeting
EORTC/MSG criteria (Table I), BAL GM ODI of more than 0.5 cut-
offs had 76% sensitivity and 81% specificity in diagnosing IPA
[40]. Therefore, BAL PCR has been increasingly used to assist
with the diagnosis of CAPA in 42.9% of observational studies
included (Table III) with a reported sensitivity of 80% and spe-
cificity of 93% in non-neutropenic critically ill patients [41].
Using the Modified AspICUeDutch/Belgian Mycosis Study Group
criteria, a BAL GM will return positive in 92% cases using an
index of more than 0.5 cut-offs for diagnosing IAPA [10]. The
use of BAL PCR may allow early CAPA diagnosis; however, this
was not observed in the study by Gangneux et al. using the
Modified AspICUeGangneux et al. criteria with a reported
incidence of 15.6% [15]. It is important to note that Roman-
Montes et al. used GM obtained from ETA as an equivalent for
BAL GM, whereas studies by Dupont et al. and Lamoth et al.
used bronchial aspirates (BAS) as an equivalent for BAL in
assisting with diagnosis of putative CAPA due to concerns of
exposure and transmission associated with bronchoscopy
[27,42,43].

It remains open to what extent COVID-19 patients were co-
infected, super-infected, or maybe sub-clinically colonized
with Aspergillus. The distinction between colonization and
angio-invasive disease can be difficult in CAPA because serum
biomarkers are often negative, suggesting colonization. Serum
GM is a relatively sensitive (82%) and specific (81%) diagnostic
tool in neutropenic critically ill patients with proven IPA
[44e46]. However, in non-neutropenic or IAPA patients, a
considerably lower sensitivity of around 25e37% has been
reported, which is similar to what we encountered in COVID-19
patients included in our review [10,16,45]. In contrast, BAL GM
was 88e90% sensitive in both neutropenic and non-neutropenic
groups. The low positivity rate of serum GM results encoun-
tered in non-neutropenic COVID-19 patients can be explained
by multiple potential aetiologies. Hydroxychloroquine, which
many hospitalized COVID-19 patients received during the early
course of the pandemic and the use of empirical antifungals
among critically ill patients may alter serum GM performance
from drug inhibition in vitro activity and hyphal invasion by
Aspergillus species [21,47,48]. This finding is supported by the
lack of angio-invasion observed in multiple post mortem
examinations of COVID-19 patients [49,50]. An autopsy of six
critically ill COVID-19 patients by Flikweert et al. revealed no
histopathological evidence of CAPA despite a high BAL GM index
of 1.7e5.7 [50]. Few studies have described high serum GM
levels supplementing histopathological evidence of Aspergillus
angio-invasion on autopsies of COVID-19 patients [20,51,52]. A
small retrospective study by Rutsaert et al. involving 20 crit-
ically ill COVID-19 patients had attempted to debunk this
theory that angio-invasion by Aspergillus species was required
for serum GM to return positive in which four patients with
proven CAPA on tracheobronchial biopsies had undetectable
serum GM level despite an elevated BAL GM level [20]. This
finding further supports the notion that BAL GM is a more
sensitive biomarker for IPA than serum GM, especially in those
with non-angio-invasive CAPA. The specificity of serum BDG to
distinguish between IPA and those with Aspergillus colonization
has been shown to be as high as 86%, with two consecutive
positive results [53]. Yet, the role of serum BDG in supporting
the diagnosis of CAPA remains uncertain due to the scarcity of
the tests being performed in the limited literature available.
Lung biopsy remains the gold standard to confirm the diagnosis
of proven CAPA, regardless of diagnostic criteria used (Table I),
by revealing evidence of hyphae invasion and damage of lung
tissue but generally avoided due to its associated risk, espe-
cially in ventilated COVID-19 patients. Again, a small retro-
spective study by Rutsaert et al. was the only study that
performed routine bronchoscopy-guided biopsies of any suspi-
cious tracheobronchial lesions, which likely explained the high
incidence and proven CAPA diagnosis observed [20]. Moreover,
it is not unusual for the diagnosis of proven CAPA to be con-
firmed during post mortem examination, which was seen in
several studies [52,54]. The difficulties in CAPA diagnosis are
further outlined in a study by Blaize et al., where both LRT
culture and serum biomarkers were initially negative but
repeat LRT cultures eventually returned positive after the
patient’s death [54]. In order to optimize microbiological and
molecular diagnostics to better improve protection strategies
for vulnerable patient groups, bronchoscopy, including tra-
cheobronchial inspection and BAL sampling for culture, PCR
and GM, should be part of the diagnostic gold standards
whenever CAPA is suspected, providing local infection pre-
vention and control guidance for aerosol-generating proce-
dures can be adhered.

Critically ill ARDS patients with putative IPA diagnosis are
shown to have significant mortality (OR 9.58; 95% CI
1.97e46.52; P¼0.005) while Aspergillus colonizers are not
[13,55]. The increased awareness of the high mortality rate
observed in severe viral pneumonia such as SARS and IAPA has
generated concerns relating to CAPA, especially in critically ill
COVID-19 patients. One may even hypothesize that CAPA,
which appears to be almost exclusively described in critically ill
COVID-19 patients requiring IMV, is associated with high hos-
pital mortality. Additionally, several of these observational
studies have compared hospital mortality, LOS, and duration of
IMV requirement. Initially, during the early course of the pan-
demic, two smaller single-centre studies by Gangneux et al.
and Van Biesen et al. demonstrated similar ICU mortality rates
(22.2e28.6% vs 13.3e15.1%; P>0.05) and IMV days (18 days vs
17 days; P¼0.66) among CAPA and non-CAPA patients, although
ICU LOS was significantly longer in CAPA patients (27e37 days vs
12e19 days; P<0.05) [15,23]. However, multiple recent large
sample size studies refuted the findings of ICU LOS and duration
of IMV requirement. The largest single-centre, prospective
cohort study by Machado et al. revealed an increase in overall
mortality (100% vs 40%; P¼0.04) when comparing CAPA patients
with those without CAPA [24]. A multi-centre study by Delliere
et al. observed that many non-survivors of COVID-19 were
those diagnosed with CAPA (71.4% vs 36.8%; OR 4.3; 95% CI
1.5e12.1), although no difference was noted for hospital LOS
(21.1 days vs 25.1 days; P¼0.31) [25]. Another multi-centre
study by Bartoletti et al. reported similar findings with
increased mortality among CAPA patients (44% vs 19%; P¼0.02)
but comparable ICU LOS (16 days vs 21 days; P¼0.08) and days
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of IMV (13 days vs 16 days; P¼0.09) [22]. Comparing critically ill
influenza patients diagnosed with IAPA, ICU LOS (19 days vs 9
days; P<0.0001), IMV days (14 days vs 9 days; P¼0.001), ICU
(45% vs 20%; P<0.0001) and hospital mortality (49% vs 26%;
P<0.0001) were significantly higher in those with IAPA than
those without IAPA [10,31]. Therefore, critically ill CAPA
patients have higher mortality than those without CAPA,
although the length of hospitalization and duration of IMV
requirements are similar.

Even after identifying the population at risk, the role of
antifungal prophylaxis is unclear in CAPA. No COVID-19 patients
received antifungal prophylaxis to prevent CAPA in our sys-
tematic review. Moreover, the choice, timing of admin-
istration, and total duration of therapeutic antifungals in CAPA
patients remain understudied. The majority of CAPA patients
received antifungal voriconazole, which is in line with ECMM
expert guidelines that voriconazole or isavuconazole as rec-
ommended first-line therapy for suspected and confirmed CAPA
[14]. Six to 12 weeks’ duration of treatment is recommended
with follow-up chest imaging being a valuable tool to deter-
mine treatment response and in whom longer treatment
duration is required. Echinocandins are not recommended as
monotherapy but in combination with an azole in areas with a
high prevalence of azole resistance. Amphotericin B can be
salvage therapy or even initial therapy if local azole resistance
patterns are high while awaiting Aspergillus susceptibility
results. The association between antifungals and mortality in
CAPA patients remains unclear, despite the widespread use of
antifungals in the included studies (Table IV). A study by Alanio
et al. demonstrated low CAPA mortality despite minimal use of
antifungals suggesting that patients are likely to be colonized
despite meeting Modified AspICU-DB criteria that suggest
actual infection [21]. Although antifungals are safe and
effective, even as prophylaxis in immunocompromised
patients, drug interactions, adverse effects, costs, and capa-
bility to measure drug levels are always of concern, especially
in critically ill patients with healthcare systems already
stretched to the limit. Moreover, countries with lower socio-
economic status are likely to have inadequate resources
available to diagnose and treat patients with CAPA. This can
very well explain the low incidence of CAPA (10% and less)
observed in developing countries (e.g., Mexico and Pakistan),
although mortality rates observed were similar [19,27]. Better
studies are required to confirm this hypothesis.

Several possible limitations explain why the incidence of
CAPA varied widely from 2.5% to 35% across studies included in
our review (Table III). First, lack of clinical awareness and
standardized diagnostic approach for evaluating CAPA and
heterogeneity of diagnostic criteria/classifications used to
define CAPA in COVID-19 patients. CAPA is challenging to
diagnose and likely under-recognized and under-reported,
particularly in the setting of ARDS in which clinical features
and radiological findings in CAPA resemble those of severe
COVID-19 pneumonia [17,22,56]. Some centres have imple-
mented and performed routine bronchoscopy with BAL or
serum GM testing regardless of clinical suspicion, leading to the
high CAPA incidence reported [20e23,28]. Second, the reluc-
tance to perform aerosol-generating procedures, such as
autopsies and bronchoscopies in critically ill patients due to
concerns of further transmission and risk of lung de-
recruitment, leading to the variability of LRT samples, con-
fined to sputum and ETA, and the lack of BAL GM available [56].
The use of bronchoscopy in COVID-19 patients has been rec-
ommended when current respiratory samples from sputum and
endotracheal aspirates are negative, and an alternate diag-
nosis provided by BAL would significantly impact clinical man-
agement [57]. This recommendation is supported by several
observational studies by Torrego et al. and Chang et al. [58,59].
Torrego et al. demonstrated that although BAL obtained from
routine use of broncoscopy in COVID-19 patients resulted in a
change of antibiotic prescribed in 83% of critically ill,
mechanically ventilated COVID-19 patients, the bacterial
micro-organisms identified from mechanically ventilated
COVID-19 patients are similar to those identified in mechan-
ically ventilated non-COVID-19 patients [58]. However, Chang
et al. reported that in COVID-19 patients with negative ETA
cultures, up to 35% of patients would have positive BAL cultures
when routine bronchoscopy is performed without increased
risk of peri-procedural complications such as hypoxia,
arrhythmia, or pneumothorax [59]. ETAs are potentially safer
alternative investigative options; however, their use for GM
detection has not been validated. Third, the inconsistency in
serum biomarkers of GM and BDG obtained in CAPA patients
together with the low positivity rate, especially in non-
neutropenic patients [56]. Fourth, the wide variability of in-
hospital mortality observed in CAPA patients may under-
estimate the actual duration of hospitalization, ICU admission,
and IMV requirement. Lastly, the lack of generalizability of our
systematic review is limited by the limited number of studies
published from developing countries. Therefore, we cannot
determine the relationship between socioeconomic status with
the risk of developing CAPA and associated outcomes among
COVID-19 patients.

In conclusion, currently there is no agreed case definition of
CAPA in which distinguishing from colonization remains highly
variable depending on the classification used, which is well
illustrated in our review; hence the difficulty in comparing
different observational studies and the ongoing need to find a
consensus on which of these criteria is most sensitive in
defining and diagnosing CAPA. The complexity of CAPA pre-
sentation further increases this difficulty in critically ill COVID-
19 patients. Therefore, taking into account host factors, clin-
ical risk, and radiological findings are essential to help raise the
pretest probability of CAPA. Understanding the clinical fea-
tures of this novel disease requires a continued collaborative
and systematic approach. This review highlights the ongoing
need for a large, well-designed, multi-centre study to assess
and determine whether there is an association between CAPA
in critically ill patients with COVID-19, the optimal diagnostic
approach, and if all critically ill COVID-19 patients require
routine screening for secondary fungal pulmonary infections,
especially in the presence of known risk factors.
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